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Pattern formation and growth must be tightly coupled during embryonic development. In vertebrates, however, little is known of the
molecules that serve to link these two processes. Here we show that bone morphogenetic proteins (BMP) coordinate the acquisition of pattern
information and the stimulation of proliferation in the embryonic spinal neural tube. We have blocked BMP and transforming growth factor-h
superfamily (TGFh) function in the chick embryo using Noggin, a BMP antagonist, and siRNA against Smad4. We show that BMPs/TGFhs
are necessary to regulate pattern formation and the specification of neural progenitor populations in the dorsal neural tube. BMPs also serve
to establish discrete expression domains of Wnt ligands, receptors, and antagonists along the dorsal–ventral axis of the neural tube. Using the
extracellular domain of Frizzled 8 to block Wnt signaling and Wnt3a ligand misexpression to activate WNT signaling, we demonstrate that
the Wnt pathway acts mitogenically to expand the populations of neuronal progenitor cells specified by BMP. Thus, BMPs, acting through
WNTs, couple patterning and growth to generate dorsal neuronal fates in the appropriate proportions within the neural tube.
D 2004 Elsevier Inc. All rights reserved.
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During embryonic development, a complex program of
gene regulation defines different classes of neurons within
the spinal neural tube. Ventral interneurons and motor
neurons are defined by a homeodomain transcription factor
code under the control of Sonic Hedgehog (SHH) secreted
from the ventral signaling center, the floorplate (Jessell,
2000; Shirasaki and Pfaff, 2002). Retinoid signaling and
SHH act to set the borders of ventral gene expression0012-1606/$ - see front matter D 2004 Elsevier Inc. All rights reserved.
doi:10.1016/j.ydbio.2004.07.019
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E-mail address: Lee.Niswander@uchsc.edu (L. Niswander).(Novitch et al., 2003) by providing both positive and
negative regulation, respectively.
A similar transcription factor code has been identified,
which defines different populations of dorsal interneurons
(Caspary and Anderson, 2003; Helms and Johnson, 2003).
Dorsal pattern is controlled by the dorsal signaling center
identified in part through genetic ablation of the roofplate
(Lee et al., 2000; Liem et al., 1995, 1997; Millonig et al.,
2000). Several lines of evidence implicate members of the
transforming growth factor-h superfamily (TGFh) as the
molecular signals from the roofplate. BMP4, BMP5, BMP7,
Dorsalin1, GDF7, and Activin B are expressed in the
roofplate (Lee et al., 1998; Liem et al., 1995, 1997). BMP
and Activin can direct the specification of two of the more
dorsal interneuron cell fates in vitro (Liem et al., 1997).
Similarly, in vivo expression of constitutively activated BMP274 (2004) 334–347
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of the dorsal neural tube and serve to gradually restrict
domains of gene expression to control different cell fates (Lee
et al., 1998; Panchision et al., 2001; Timmer et al., 2002).
The requirement for BMP signaling in neural patterning
has been more difficult to demonstrate. Functional redun-
dancy ofBMPs in the roofplatemaybe responsible for the lack
of neural phenotype in BMP loss of functionmutants (Dudley
and Robertson, 1997; Dudley et al., 1995; Luo et al., 1995;
Winnier et al., 1995). Genetic studies of BMPs in mice to date
have only identified one BMP member, GDF7, as necessary
for the specification of a particular dorsal interneuron subtype
(Lee et al., 1998). However, in zebrafish, genetic studies of
mutants in BMP genes and in the signal transduction
component Smad5 have established the requirement for
BMP activity in establishing dorsal fates while restricting
intermediate fates in the neural tube (Nguyen et al., 2000).
BMP signaling has also been implicated in the regulation
of another class of secreted signaling molecules, WNTs, in
the neural tube (Liem et al., 1995; Marcelle et al., 1997;
Panchision et al., 2001).Wnt proteins, receptors, and secreted
inhibitors are expressed in restricted domains along the
dorsal–ventral (D/V) axis similar to early D/V subdivisions of
the neural tube. Wnt1 and Wnt3a are restricted to the
roofplate. Wnt3, Wnt4, and Frizzled receptor (Fz)10 are
restricted to the dorsal half of the NT, whereas Wnt7a, Fz2,
Fz7, and the secreted inhibitors sFRP1 and sFRP2 are
ventrally restricted (Cauthen et al., 2001; Hoang et al.,
1998; Hollyday et al., 1995; Ladher et al., 2000; Leimeister
et al., 1998; Parr et al., 1993; Terry et al., 2000). BMP4
protein applied to the chick neural tube causes the induction
of Wnt1 and Wnt3a expression whereas application of the
secreted BMP inhibitor, Noggin, inhibits expression of Wnt1
and Wnt3a (Marcelle et al., 1997). In addition, constitutive
activation of BMPR1a reveals an expansion of the Wnt1
domain (Panchision et al., 2001). These studies suggest a role
for BMPs in the regulation of Wnt ligand expression in the
dorsal neural tube.
Wnt1 and Wnt3a are restricted to the roofplate and the
mouse Wnt1/Wnt3a double knockout shows a reduction or
loss of the same cell types that are lost in roofplate ablation
studies (Lee et al., 2000; Muroyama et al., 2002), leading
Muroyama and colleagues to propose that WNTs are the
patterning signal from the roofplate. However, studies of
Wnt1 transgenic mice and electroporation of Wnt1 and
Wnt3a in the chick embryo suggest these two proteins act as
mitogens in the neural tube (Dickinson et al., 1994; Megason
and McMahon, 2002). Electroporation of activated h-catenin
and transgenic h-catenin mice further implicate the canonical
Wnt signaling pathway as a positive mediator of neural
growth (Megason andMcMahon, 2002; Zechner et al., 2003).
Our studies here are designed to resolve the question of
whether BMP or WNT activity defines the roofplate
patterning signal. Furthermore, we have delineated the
relationship between BMP and WNT signaling in the
embryonic chick spinal neural tube. We show that BMPactivity is necessary for dorsal patterning through loss of
function studies utilizing the BMP antagonist, Noggin, or
siRNA against Smad4, a component of the BMP/TGFh
signal transduction pathway. In addition, we find that one
function of BMP patterning is to regulate the domains of
WNT ligand, receptor, and antagonist expression. We then
studied the potential patterning and/or mitogenic role for
WNT by blocking or activating WNT signaling using a
dominant-negative Frizzled 8 or ectopic expression of Wnt3a
ligand, respectively. Our results support the model thatWNTs
act as mitogenic signals for neural progenitor cells. Finally,
we have explored the functional relationship between BMP
and WNT in the developing neural tube. Our results indicate
that BMPs and WNTs perform separable functions in
patterning and growth, respectively, of the chick spinal
neural tube and that these activities are coordinated through
the regulation of Wnt expression by BMP.Materials and methods
Electroporation and gene constructs
Fertilized White Leghorn eggs were obtained from
SPAFAS (Norwich, CT) and incubated at 398C until Ham-
burger–Hamilton (HH) stage 12–15 (Hamburger and Ham-
ilton, 1992). At this time, constructs were injected, along with
trypan blue, into the lumen of the neural tube. Electroporation
(EP) was performed (Muramatsu et al., 1997) using standard
conditions of 3 pulses for 50 ms at 25 V by a BTX square
pulse electroporator. Embryos were incubated for an addi-
tional 24–48 h. Embryos were dissected, fixed in 4%
paraformaldehyde for 1 h, rinsed extensively in PBS,
infiltrated with sucrose, and embedded in OCT for 10-Am
cryosections.
All genes misexpressed in these studies were cloned into
pMIWIII (Muramatsu et al., 1997) except the siRNA. We
used pEGFP-N1 (Clonetech) at 0.4 Ag/Al to assess the
efficiency of electroporation. All samples described had
numerous GFP+ cells in the region analyzed. Activated
BMPR 1A and 1B (BMPR) constructs have been previously
described (Timmer et al., 2002; Zou et al., 1997). Results
from these two receptors were qualitatively similar. All data
shown is from BMPR1B electroporations at 0.3–0.4 Ag/Al
concentration. Noggin, a secreted BMP inhibitor (Capdevila
and Johnson, 1998; Zimmerman et al., 1996), was electro-
porated at 0.4 Ag/Al. The extracellular domain of mouse
Frizzled 8 (dnFz8) (Brennan et al., 2004) was electroporated
at 0.5–1.5 Ag/Al. All data shown for dnFz8 used a concen-
tration of 0.5 Ag/Al. Xenopus Wnt3a (Wolda et al., 1993) was
electroporated at 1 Ag/Al. pSilencer 1.0 (Ambion, Inc) was
used to deliver short-hairpin RNA into the neural tube under
the mouse U6 polymerase III promoter at concentrations of
0.4–1.7 Ag/Al (Katahira and Nakamura, 2003; Chesnutt and
Niswander, 2004). Short hairpins were designed from two
nonoverlapping putative Smad4 ESTs, pgn1c.pk006.i20
C. Chesnutt et al. / Developmental Biology 274 (2004) 334–347336(University of Delaware EST database) or assembled EST
sequences 357543.2 (BBSRC chick EST database). The
targeted sequences in the Smad4 ESTs were 5V-AAGCT-
GAAGGAGAAGAAAGAC-3V(shSmad4_1) and 5V-AAG-
GTGTTTGATCTGCGACAGTG-3V(shSmad4_2).
Molecular analysis
Standard methods were used for the detection of various
proteins by immunofluoresence (Yamada et al., 1993).
Monoclonal antibodies to Isl1 (Ericson et al., 1992) and
Lim1/2 (Tsuchida et al., 1994) were obtained from the
Developmental Studies Hybridoma Bank. The rabbit poly-
clonal antibody LH2A/B (Lee et al., 1998) was kindly
provided by T. Jessell. The rabbit antibodies to Pax2 (Dressler
and Douglass, 1992) were obtained from Zymed. These
antibodies were detected using appropriate secondary anti-
bodies conjugated to Cy3, FITC, AMCA, or Cy5 (Jackson
Immunoresearch Laboratories, Inc).
Bromodeoxyuridine (BrdU) assay: Two hundred micro-
liters of BrdU (10 mg/ml in sterile PBS, Sigma) were injected
under the amnion of the embryo. The embryo was further
incubated for 30–60 min at 398C before sacrifice. Following
standard fixation, embedding, and sectioning, these sections
were briefly rinsed in PBS. They were incubated at 558C in 1
N HCl for 2 min, rinsed in PBS, and then processed by the
standard immunofluoresence protocol using a mouse anti-
BrdU antibody (Roche).
Cell death was assayed by TUNEL labeling following the
manufacturer’s protocol (Roche in situ cell death detection
kits-TMRed). In situ hybridization was performed as pre-
viously described (Holmes and Niswander, 2001). The
following in situ probes were used: Wnt1, Wnt3a, Wnt4
(Hollyday et al., 1995),Wnt5a andWnt7a (Dealy et al., 1993);
Fz2, Fz7, Fz10 (Cauthen et al., 2001); sFRP1 and sFRP2
(Cauthen et al., 2001; Terry et al., 2000); cATH1 (Gowan et
al., 2001); Ngn-1 (Perez et al., 1999); cASH1 (Jasoni et al.,
1994). We generated a probe by RT-PCR to the chick smad4
EST pgn1c.pk006.i20 sequence that includes bases 29–513.
At least four embryos were examined for each EP
construct at 24 and 48 h and multiple sections were analyzed
for each marker. Cells positive for BrdU, TUNEL, LH2A/B,
dorsal Isl1, dorsal lim1/2 and Pax2 were counted separately
for both EP and non-EP sides of the neural tube. The counts
were normalized by dividing the cell number on the EP side
by that on the non-EP side. For graphical display, each
condition was normalized to LacZ control.Results
BMP activity is necessary for D/V patterning of the neural
tube
Activated BMPR and exogenous BMP ligand have been
shown to control the D/V expression domains of genes thatregulate various neuronal cell types in the spinal cord.
However, the requirement for BMP activity in neuronal
patterning has only been partially addressed. Therefore, we
used a loss of function approach to first address the
requirement for BMP in D/V neural patterning. To do so,
we decreased BMP activity by using in ovo electroporation
(EP) into the embryonic chicken neural tube to introduce the
secreted inhibitor Noggin, which binds multiple BMPs
produced in the roofplate and inhibits interaction with their
receptor. We then examined the expression of molecules that
mark neural progenitors and differentiated neuronal cell
types. Chicken Atonal Homologue 1 (cATH1) is the most
dorsally localized bHLH transcription factor expressed by
neural precursor cells in the ventricular zone and the
terminally differentiated LH2A/B (dI1) interneurons arise
from the cATH1 domain (Gowan et al., 2001). Noggin EP
results in a continuum of phenotypes from loss of both
cATH1 and LH2A/B expression in transfected cells and in
nearby neighbors due to Noggin’s non-cell autonomous
effects on the electroporated side of the neural tube (Figs.
1A–E) to loss on the non-electroporated side of the neural
tube as well (Figs. 1C,F). Limited misexpression of GFP in
the dorsal neural tube correlates with unilateral effects of
Noggin while more extensive misexpression correlates with
bilateral effects. The dorsal Neurogenin-1 (Ngn1) neural
precursor domain is localized ventrally to cATH1 and
chicken Achaete–Scute Homologue 1 (cASH1) is expressed
ventral to the dorsal Ngn1 domain. Following Noggin EP, the
dorsal domain of Ngn-1 is lost on either the electroporated or
both sides (Figs. 1G–I) and cASH1 is shifted dorsally into the
region of the neural tube where cATH1 and Ngn-1 normally
reside (Figs. 1M–O). In terms of terminally differentiated
cells, Lim1/2 marks two dorsal (dI2, dI4) populations of
interneurons, Pax2 co-labels the dI4 population and Isl1
marks the dI3 interneuron domain several cell diameters
ventral to the roofplate. Noggin EP causes the dI2, dI3, and
dI4 domains to approach the apex of the neural tube near the
roofplate (Figs. 1J–L, P–R). As these cell domains approach
the dorsal midline, the numbers of dI2 and dI3 interneurons
are reduced compared to control LacZ EP (dI2: 0.6F 0.18 P
b 0.02; dI3: 0.85F 0.16 P b 0.05). The expansion of cASH1
into the dorsal most regions, at the expense of more dorsal
neuronal progenitors, and the reduction and dorsal shift of the
interneuron populations indicate that BMP activity is
necessary to establish proper D/V patterning in the neural
tube.
BMP activity is required for maintenance of the roofplate
signaling center
In the studies discussed above, patterning changes were
observed on either the electroporated side or both sides of
the neural tube following Noggin electroporation. The
similarity of the bilateral phenotype to genetic roofplate
ablation (Lee et al., 2000) prompted up to examine roofplate
markers in these bilaterally affected embryos. We observed
Fig. 1. Reduced BMP activity by Noggin EP alters D/V neural patterning. Electroporation of LacZ or Noggin into the right side of the neural tube at HH1 bHLH progenitors were monitored by in situ at 24 and
48 h with similar results at both time points. All in situ data presented is for the 24-h time point (A–C, G–I, M–O). All homeodomain transcription factors t t mark interneuron populations were assayed at the 48-h
time point (D–F, J–L, P–R). The full spectrum of Noggin-elicited effects are shown under the headings: limited misexpression refers to lower transfection Noggin/GFP, which results in effects that are unilateral
on the electroporated side; extensive misexpression refers to transfection of Noggin/GFP into more cells on the EP side often including the roofplate, whi results in effects that are bilateral and not limited to the
right electroporated side. cATH1 is lost upon Noggin EP compared to LacZ control (A–C) and this absence is mirrored by the loss of LH2A/B (dI1) inte urons (D–F). The dorsal domain of Ngn-1 is lost upon
Noggin EP (G–I) and Lim1/2 (dI2) cells are reduced and shifted toward the apex of the neural tube (J–L). Reciprocally, cASH1 following Noggin EP is ifted dorsally into the region where cATH1 and Ngn-1
normally reside (M–O). Islet1 (dI3), similar to cASH1, is shifted dorsally toward the apex of the neural tube (P–R) and cell number is reduced. Solid brac ts denote normal or expanded gene expression; the size
correlates with variation in domain size. Dashed brackets denote loss of gene expression in endogenous domains.
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C. Chesnutt et al. / Developmental Biology 274 (2004) 334–347338a correlation between altered gene expression on both sides
of the neural tube and reduction or loss in expression of
roofplate markers Lmx1b, Wnt3a, and Wnt1 following
Noggin electroporation (Figs. 2A–D and 5A,C). Because
Noggin EP was performed after establishment of the
roofplate, this indicates that BMP activity is required to
maintain the roofplate signaling center after its formation.
Thus, loss or reduction of signaling from the roofplate, an
important dorsal signaling center, appears to then act non-
cell autonomously to affect gene expression on both sides of
the neural tube.
siRNAs against Smad4 indicate TGFb members are the
primary patterning signal from the roofplate
Our observation that Noggin electroporation can cause
loss of the roofplate raises the question of whether the
patterning changes we observed are due to a change in BMP
signaling or due to reduced levels of another signaling
molecule produced by the roofplate. To autonomously block
TGFh activity while retaining integrity of the roofplate, we
used EP of short-hairpin siRNAs against Smad4, an obligate
TGFh signal transduction component, and selected for
samples in which transfection occurred in cells outside of
the roofplate. Moreover, as Smad4 is required for signal
transduction by all TGFh molecules, this allows us to test
the contribution of other TGFh signals to dorsal neural
patterning. We tested four siRNAs directed against differentFig. 2. BMPs are required for roofplate maintenance. Noggin EP into the roofplate
GFP control (A, B). Wnt3a is similarly lost in the roofplate following Noggin EP
identification.regions of Smad4. Two of the siRNAs against Smad4 failed
to reduce Smad4 RNA (data not shown). However, when we
combined shSmad4_1 and shSmad4_2 siRNAs, Smad4
mRNA expression on the EP side was reduced (Fig. 3A).
Thereafter, both siRNAs were electroporated and the
resulting samples examined for D/V patterning defects.
In samples in which the roofplate was transfected, Smad4
siRNA can disrupt roofplate maintenance similar to Noggin.
However, we chose to analyze samples in which the
roofplate cells were not electroporated and hence the
roofplate was preserved (Fig. 3B and data not shown), to
distinguish between the cell autonomous need for TGFh
activity in interneuron cell fate and non-cell autonomous
effects of losing the roofplate (data not shown). Smad4
siRNA results in loss or reduction of the three dorsal bHLH
domains of cATH1, Ngn-1 and cASH1 (Figs. 3C–E).
Smad4 siRNA correlates with cell autonomous loss of the
dI1 marker and the corresponding appearance of Lim1/2
positive cells, which labels dI2, dI4, and dI6 interneurons, in
the dI1 domain. Thus, there is an apparent transformation of
dI1 cells into dI2, dI4, and/or dI6 cells as revealed by co-
localization of GFP (Figs. 3F,H). DI1 cells with low levels
or no GFP remain as dI1 cells and are not altered in fate.
Similarly, dI3 interneurons are reduced in intensity and
number and appear to be transformed to dI4 and/or dI6
interneurons as revealed by Pax2 labeling and GFP co-
localization (Fig. 3G). In addition, Pax2-positive cells arise
in the normal dI1 domain further demonstrating that dI1(RP) results in loss or reduction of the roofplate marker Lmx1b compared to
(C, D). Gray dotted lines mark the lumen and outline the NT for ease of
Fig. 3. Smad 4 siRNA reveals TGFhs are the primary roofplate signal. We electroporated Smad 4 siRNA, to cell autonomously block TGFh function, into the
right side of HH13 neural tubes. Smad4 siRNA EP visualized by the co-EP of GFP (inset of alternate section) results in reduction of Smad4 RNA by in situ
hybridization (A). We examined the phenotype of embryos without transfection of siRNA into the roofplate (RP) as marked by Lmx1b (B). Smad 4 siRNA
results in loss or reduction of the dorsal bHLH progenitor domains cATH1 (C), Ngn-1 (D), and cASH1 (E). GFP insets in C–E indicate general transfection
efficiency in alternate sections. Smad4 siRNA EP results in the loss of the dI1 marker LH2A/B (red) and a corresponding gain in cells positive for Lim1/2
(green), which marks dI2, dI4, and dI6 cells (F,H). Note: inset of H is a higher-magnification confocal Z-stack revealing co-localization of GFP and Lim1/2.
Similarly, Smad4 siRNA EP results in loss of the dI3 domain marked by Isl1 (red) and a corresponding gain in cells positive for dI4 or dI6 cells marked by
Pax2 (green) (G). The green bracket indicates Pax2 ectopic expression in the area of the normal dI1 and dI2 domain.
C. Chesnutt et al. / Developmental Biology 274 (2004) 334–347 339cells may be transformed into dI4 or dI6 cells upon
reduction of TGFh function. Overall, Smad4 siRNA
knock-down affects the same dorsal interneuron populations
affected by genetic roofplate ablation studies leading us to
conclude that TGFh proteins are the primary dorsalizing
signals from the roofplate and are required for the
specification of dI1-3 interneuron fates.
Regulation of cell proliferation in the embryonic neural tube
In our studies, we noted a reduction in the size of the
neural tube on the side electroporated with either Noggin orSmad4 siRNA (Fig. 1). This was more evident upon
electroporation of higher plasmid concentrations (data not
shown). This result suggests that BMP activity may regulate
neural cell survival or proliferation. Therefore, we per-
formed TUNEL and BrdU analysis on chick embryos at 24
h post EP. We detected no statistical difference in TUNEL-
positive cells when comparing EP of LacZ, Noggin, or
Smad4 siRNA plasmids (data not shown). BrdU labeling
revealed a significant reduction in cell proliferation along
the D/V aspect of the neural tube following Noggin EP
(Figs. 4A,B and graph). These results indicate that BMP is
necessary for proper cell proliferation within the neural tube.
C. Chesnutt et al. / Developmental Biology 274 (2004) 334–347340To explore further the mechanism by which BMP
regulates neural cell proliferation, we focused on the
WNT signaling pathway. Recent experiments in the chick
and mouse neural tube indicate that WNTs act as mitogenic
signals (Megason and McMahon, 2002; Zechner et al.,
2003). Our results below using loss and gain of WNT
activity support a role for WNTs in neural proliferation. We
reduced WNT function in the neural tube by electroporation
of the mouse Frizzled 8 extracellular domain (dnFz8). This
dnFz8 and similar constructs have been shown to block the
activity of multiple WNT proteins in both tissue culture
(Brennan et al., 2004) and Xenopus Wnt signaling assays
(Deardorff et al., 1998). Twenty-four hours after dnFz8 EP,
the number of BrdU-positive cells was reduced along the D/
Vaxis compared to the control side or compared to a control
plasmid EP (Fig. 4C), resulting in a reduction in the size of
the neural tube on the electroporated side. Electroporation of
a higher concentration of dnFz8 further reduced the number
of BrdU-positive cells (data not shown). Conversely, using a
gain of function approach, electroporation of Wnt3a plasmid
resulted in a significant increase in cell proliferation on the
EP side compared to LacZ control (Fig. 4D). TUNEL
analysis at 24 h revealed no differences in apoptosis inFig. 4. Proliferation in the neural tube is altered by changes in BMP and WNT acti
assessed by BrdU labeling 24 h later. Statistically significant results by one-tailed
spinal cord compared to lacZ control (P b 0.006) (A,B). Similarly, dominant-ne
0.005) (C). The neural tube is generally reduced in size along the D/V axis on th
Wnt3a EP increases proliferation (P b 0.001) (D) and it rescues the decrease inembryos following dnFz8 EP or Wnt3a EP compared to a
LacZ control plasmid (data not shown). Thus, our studies
support the model that WNTs are required for proliferation
in the neural tube but are not necessary for cell survival at
these stages.
To test whether WNT could rescue the decreased
proliferation observed with Noggin alone, we co-EP Wnt3a
with Noggin. This resulted in increased cell proliferation on
the EP side compared to Noggin alone and rescued the
overall size of the neural tube (Fig. 4E and data not shown).
Taken together, these results suggest that the reduction in
proliferation observed when BMP activity is blocked could
be an indirect effect through a reduction in the WNT
mitogenic function.
BMPs regulate D/V patterning of WNT signal transduction
pathway components in the neural tube
To explore the relationship between BMP in neural
patterning and proliferation and the role of WNT in neural
proliferation, we investigated whether BMP activity may
regulate the expression of Wnt ligands, their receptors, and/
or antagonists in the neural tube. To do so, we examinedvity. All constructs were electroporated into the neural tube at HH13–14 and
t test are indicated by an asterisk. Noggin EP reduces proliferation in the
gative Fz8 also significantly decreases BrdU labeling on the EP side (P b
e Noggin or dnFz8 EP side. Conversely, activation of Wnt function using
proliferation observed following Noggin EP (P b 0.005) (E).
C. Chesnutt et al. / Developmental Biology 274 (2004) 334–347 341situations in which we produced a gain or loss of BMP
function by introducing activated forms of the two type
I BMP receptors, BMPRIA and BMPRIB, to cell autono-
mously activate BMP signaling (Timmer et al., 2002) or
Noggin to non-cell autonomously block BMP signaling.
Electroporation of activated BMPRs into the chicken
neural tube at HH12–14 confirms the previously reported
expansion of Wnt1 and Wnt3a in response to BMP4 (Figs.
5A,B and data not shown). We did not observe changes in
Wnt4 RNA expression relative to LacZ control (data not
shown), suggesting that Wnt4 expression is not under the
control of BMP signaling, consistent with results using cell
pellets expressing BMP or Noggin (Marcelle et al., 1997).
The positive regulation by BMP of dorsal Wnt1 and Wnt3a
is mirrored by expansion of Wnt Receptor Frizzled 10
(Fz10) (Figs. 5D,E). Conversely, Noggin EP into cells of the
roofplate causes reduction or loss in expression of roofplate
localized Wnt1 and Wnt3a (Figs. 2D and 5C and data not
shown). Fz10 is reduced in its normal expression domain
and instead is shifted toward the apex of the neural tube
when Wnt1 and Wnt3a are lost (Fig. 5F). Thus, BMPs
positively regulate dorsal Wnt ligands and Fz10 expression.
Wnt components expressed in the intermediate and
ventral neural tube are altered in a complementary pattern
by activated BMPR and Noggin. In the intermediate and
ventral neural tube, Wnt7a is reduced by activated BMPR
such that its dorsal border is more ventrally located or its
intermediate domain of expression is lost (Figs. 5G,H).
Conversely, reduction of BMP function by Noggin results in
expansion of the dorsal Wnt7a boundary (Fig. 5I). In the
most extreme samples, Wnt7a extends to the dorsal apex of
the neural tube (not shown). The Wnt receptors Fz2 and
Fz7, normally found in the intermediate and ventral neural
tube, are reduced by activated BMPR and expanded in a
manner analogous to Wnt7a by Noggin (Figs. 5J–L and data
not shown). The intermediate domains of the secreted
inhibitors, sFRP1 and sFRP2, are reduced by activated
BMPR but their expression is unaltered by Noggin EP (Figs.
5M–O and data not shown). This suggests that these WNT
inhibitors may be regulated by other TGFh family members
that are not inhibited by Noggin. Thus, both the activated
BMPR and Noggin results demonstrate that BMPs regulate
the expression borders of WNT signaling components,
further supporting the evidence that BMP function is
necessary to establish proper D/V patterning in the neural
tube. BMPs, normally localized in the roofplate, have
previously been shown to act at distinct thresholds to
regulate D/V pattern in the neural tube (Timmer et al.,
2002), which may also be how BMPs act to set distinct
domains of WNT signaling in the neural tube.
WNT activity can rescue proliferation but not patterning
defects caused by Noggin EP
Our data above demonstrate that WNT signaling compo-
nents are differentially regulated along the D/V axis of theneural tube by BMP signaling and that alterations in both
BMP and WNT function affect proliferation of the neural
tube. The relationship between BMP and WNT in neural
tube patterning and proliferation is particularly important to
clarify as recent papers have proposed contradictory models,
attributing either a patterning or a mitogenic function to
WNT1 and WNT3a in the roof plate (Dickinson et al., 1994;
Megason and McMahon, 2002; Muroyama et al., 2002;
Zechner et al., 2003). We thus decided to directly test in
vivo whether WNT3a can pattern the neural tube in the
absence of BMP activity using loss and gain of WNT
function. For these experiments, the chick neural tube was
electroporated with either LacZ, Noggin, dnFz8 (a secreted
WNT antagonist), Wnt3a, or Wnt3a in combination with
Noggin.
We examined the bHLH progenitor expression domains
(data not shown) and the differentiated neurons that arise
along the D/V axis (Fig. 6). As our results above
demonstrate a global reduction in proliferation following
dnFz8 EP, we hypothesized that a reduction in WNT
signaling would similarly result in a uniform reduction of
differentiated neurons and their progenitors. As expected,
differentiated dorsal interneurons marked by the homeo-
domain transcription factors LH2A/B, Lim1/2, Pax2, and
Isl1 (Figs. 6A,D,G) were reduced in number compared to
the contralateral side (dI1 as marked by LH2A/B: 0.4 F
0.09 P b 0.02; dI2 as marked by Lim1/2: 0.3 F 0.15 P b
0.01; dI3 as marked by Islet1: 0.3 F 0.1 P b 0.0004;
dI4+6 as marked by Lim1/2 and Pax2: 0.78 F 0.03 P b
0.015). The bHLH domains were similarly reduced (data
not shown). Ventral motorneurons that express Isl1 appear
to be the least affected by dnFz8 EP (Fig. 6G). The onset
of motorneuron specification coincides with or directly
follows the time of EP (Hollyday and Hamburger, 1977)
and therefore these differentiated neurons and their
progenitor domain may be more resistant to a reduction
in WNT function. Alternatively, this lack of a strong
ventral effect by dnFz8 may support the Wnt mitogenic
gradient reported by Megason and McMahon (2002),
although we did not directly test their model. Wnt3a EP
had a minimal effect on the LH2A/B, Isl1, or Lim1/2 and
Pax2 expression domains (Figs. 6B,E,H) and differentiated
cell numbers were not significantly altered based on cell
counts relative to LacZ control EP (LH2A/B: 1.02 F 0.1
P b 0.2; Pax2: 0.92 F 0.03 P b 0.07; Isl1: 0.92 F 0.08
P b 0.1). Our results are similar to those of Megason and
McMahon (2002), although our phenotype is milder in that
we did not observe a distinct reduction of differentiated
cells, perhaps because we used Xenopus Wnt3a and they
used mouse Wnt3a. Wnt3a in combination with Noggin
was not sufficient to rescue the Noggin-induced patterning
changes in these three expression domains (Figs. 6C,F,I
compare to Figs. 1F,L,R) although Wnt3a did rescue
proliferation (Fig. 4E). Overall, our studies indicate that
loss or gain of WNT function does not result in patterning
effects on different dorsal cell populations or shifting of
Fig. 5. BMP signaling regulates expression of WNT signaling components in the neural tube. LacZ (left column), constitutively active BMPR-IB (middle
column), or Noggin (right column) vectors were electroporated into the right side of neural tube in all figures at HH stage 14. Gene expression was examined
by RNA in situ hybridization 24 h later. Insets shown are the RNA transcript misexpressed in an alternate section as a representation of general transfection
efficiency. Wnt1 (A–C) and Fz10 (D–F) are normally expressed in the dorsal region of the neural tube and their expression is expanded ventrally by activated
BMPR (B, E) and lost or reduced by Noggin EP (C, F). Wnt7a (G–I), Fz7 (J–L), and sFRP1 (M–O), normally excluded from the dorsal third of the neural tube,
are repressed by activated BMPR (H, K, N). Wnt7a and Fz7 are expanded dorsally by Noggin (I, L). sFRP1 expression is not affected by Noggin (O). Due to
non-cell autonomous effects, Noggin EP can cause loss or reduction of the roofplate signal, which can lead to changes in gene expression domains on both
sides of the neural tube, in some cases (C, F, I, L). Similarly, one-sided effects were observed in samples in which the roofplate was not disturbed. The black
arrowhead marks the ventral (A–F) or dorsal (G–O) limit of the normal expression domain on the unelectroporated side (left side of neural tube in all figures).
The white arrowhead indicates where the expression is unchanged on the electroporated side. The solid and dotted brackets indicate an expansion or repression
of gene expression, respectively.
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Fig. 6. Wnt3a cannot rescue dorsal differentiated neurons lost by Noggin EP. Electroporation of dnFz8 (1st column), Wnt3a (2nd column), or Noggin and
Wnt3a (3rd column) into the right side of the neural tube. Forty-eight hours later, differentiated neurons that arise from the progenitor domains described in
Fig. 1 were examined. Reduction of Wnt function following dnFz8 EP results in a smaller neural tube and reduction of differentiated neuronal domains of
LH2A/B (A), Lim1/2 and Pax2 (B), and Isl1 (C) on the right side compared to the non-EP side (left side). Note the reduced spacing between domains as
highlighted by the dI markers. In contrast, activating Wnt function with Wnt3a EP results in a larger neural tube, without expanded numbers of differentiated
neural markers LH2A/B (B), Lim1/2 and Pax2 (E), and Isl1 (H). This is likely due to the retention of cells as progenitors, as suggested by the large numbers of
proliferating cells (see Fig. 4). We co-electroporated Noggin and Wnt 3a to test whether Wnt 3a could specify cell fate in the absence of BMPs. Noggin EP
results in loss of LH2 A/B-positive interneurons (see Figs. 1E–F). Wnt3a with Noggin does not restore the LH2A/B domain on the electroporated side (C)
Lim1/2 (red) marks two dorsal (dI2, dI4) and one intermediate population of interneurons, and Pax2 (green) is co-expressed in all but dI2, the most dorsal
population. Noggin EP causes the dorsal Lim1/2 domains and Pax2 to approach the apex (see Figs. 1K–L). Noggin and Wnt3a co-EP results in the same pattern
as Noggin alone (F). Following co-EP of Noggin and Wnt3a, Isl1 is shifted dorsally as in Noggin alone (I compare to Figs. 1Q,R).
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role in the regulation of proliferation.
These results, in combination with the Noggin and
Smad4 siRNA, demonstrate that BMP/TGFh activity is
required for dorsal neural patterning and that BMPs/TGFhs
are the primary patterning signals from the roof plate. The
failure of WNT3a to rescue cell types requiring BMP
signaling supports a mitogenic role for WNT rather than a
patterning role. Our results indicate that BMPs/TGFhs and
WNTs control pattern and growth, respectively, in the spinal
neural tube. Moreover, these functions are coordinated
through the regulation of expression of WNT pathway
components by BMP.Discussion
Neural tube patterning requires the coordination of the
specification of cell fate with the concomitant growth of the
precursor populations that give rise to those fates. Using loss
and gain of function experiments to alter BMP/TGFh and/or
WNT activity, we find that BMPs/TGFh are responsible for
coordination of these two functions in the dorsal spinal cord.
Our results support three findings: one, a requirement for
BMPs/TGFhs in patterning the dorsal neural tube; two, a
mitogenic, but not patterning, function for WNTs through-
out the D/V axis; three, BMP regulation of the expression
domains of bHLH progenitors and WNT signaling compo-
C. Chesnutt et al. / Developmental Biology 274 (2004) 334–347344nents synchronizes patterning and mitogenic activity in the
dorsal neural tube.
BMPs/TGFbs molecularly define the dorsal signaling
center
Our data support and significantly extend the hypothesis
that BMPs/TGFhs act as dorsal patterning signals. Explant
cultures of naRve neural tissue stimulated with BMP
suggested a role for BMP in regulating the expression of
dorsal cell fates (Liem et al., 1995). Activation of BMP
function by EP of a constitutively activated BMP receptor
into the neural tube provided in vivo support and showed that
increased BMP function causes an expansion of dorsal cell
fates and a loss of ventral fates (Timmer et al., 2002). Our
results reported here establish the necessity of BMP/TGFhs
in D/V patterning and that BMP/TGFhs provide the key
signal from the dorsal organizing center, the roofplate.
Previous studies by others in which the roofplate was
genetically ablated demonstrated loss of up to the three most
dorsal cell types (dl1–3) and appearance of more ventral
dorsal cell types (dI4 and dI5) at the apex of the neural tube
(Lee et al., 2000; Millonig et al., 2000; Muller et al., 2002).
Following electroporation of the BMP antagonist Noggin, we
find dorsal cell fates are lost and more ventral fates are shifted
toward the dorsal apex of the neural tube (Fig. 1). Our results
show that dorsal neural progenitors marked by bHLH
transcription factors, cATH1 and Ngn-1, are dependent on
BMP activity. In addition, Smad4 siRNA reveals cASH1 also
requires TGFh signaling. Moreover, we also see loss or
reduction of the differentiated interneurons that arise from
these progenitors (Gowan et al., 2001) following Noggin (dI1
are lost and dI2, dI3 are reduced) and Smad4 siRNA (dI1–dI3
are lost or reduced). Thus, BMP/TGFh signaling is necessary
to specify the domains of dorsal bHLH gene expression.
Furthermore, Smad4 siRNA reveals a cell-autonomous
change in cell fate such that markers of dI1 and dI3 are lost
and instead markers of more ventral fates (dI2, dI4 and/or
dI6) are now observed in these domains. Thus, when TGFh
function is reduced, the roofplate ablation phenotype is
recapitulated even though the roofplate is intact (Fig. 3).
Because the endogenous source of BMP/TGFhs is the
roofplate, this provides strong evidence that TGFhs are the
primary source of patterning signals from the roofplate, they
act at a distance to regulate cell fate, and that different cell
fates are set at particular thresholds of TGFh signaling. Thus,
TGFh activity is both necessary and sufficient to pattern cell
fates in the dorsal neural tube.
In addition to promoting the formation of dorsal
interneurons, BMPs induce the roofplate to form in the
dorsal neural tube (Liem et al., 1995, 1997). Here we show
that BMPs are also required to maintain the roofplate after its
formation. Noggin EP at HH stage 14, a time point after
neural tube closure and roofplate formation (Bellairs and
Osmond, 1998), results in loss or reduction of the roofplate.
Furthermore, the roofplate cannot be maintained by thesimultaneous EP of Noggin and Wnt3a, the latter which
regulates neural cell proliferation (see below), indicating that
the loss does not occur solely due to decreased proliferation.
In contrast, Noggin loss of function mouse mutants have
enhanced apoptosis at the dorsal midline (McMahon et al.,
1998). Taken together, these results suggest a dynamic
balance in levels of BMPs in the roofplate may be necessary
for maintenance of this structure.
BMPs regulate the expression of WNT signaling components
BMPs also serve to pattern the expression domains of
components of another important signaling pathway, WNT
(Fig. 5). Pathway components including WNT ligands,
receptors, and antagonists, are normally expressed in
restricted patterns along the D/V axis of the spinal neural
tube. We find that BMPs positively regulate Wnt compo-
nents that are expressed in the dorsal aspect of the neural
tube, such as Wnt1, Wnt3a, and Fz10. Additionally, BMPs
limit the dorsal expression boundary of ventrally localized
Wnt7a, Fz2, Fz7, sFRP1, and sFRP2. Thus, BMPs act,
possibly in a graded manner, to regulate the domains of
WNT signaling along the D/V axis.
Wnts act as mitogens in the spinal cord
The regulation of WNT signal transduction components
by BMP suggested the possibility that the effect of BMP
on neural development may be indirect and mediated
through Wnt function. Thus, we directly tested the function
of WNT during neural development. Our results are
consistent with WNTs acting as mitogenic signals. First,
reduction in WNT activity causes a reduction in prolifera-
tion, whereas an increase in WNT activity increases
proliferation (Fig. 4). Second, analysis of dorsal neural
progenitors and differentiated interneurons show a reduc-
tion in numbers when WNT function is reduced whereas
neural progenitors expand in response to Xenopus Wnt3a
overexpression (Fig. 6). Our data also suggest that WNT
primarily affects undifferentiated neural cell types as
Xenopus Wnt3a EP shows expanded progenitors and no
change in differentiated interneuron cell number. This is
consistent with, although a milder response than, results
obtained by activated h-catenin or electroporation of
mouse Wnt3a at an earlier stage that causes an expansion
of progenitors at the expense of differentiated cell numbers
(Megason and McMahon, 2002; Zechner et al., 2003). The
expansion or reduction in neural progenitors is observed in
a general pattern, i.e., all of the dorsal populations are
similarly altered. This is in contrast to perturbations in
BMP function where D/V fates are preferentially altered:
Activation of BMP signaling causes an expansion of the
most dorsal fates at the expense of more ventral fates
(Timmer et al., 2002), whereas loss of BMP signaling by
Noggin or Smad4 siRNA causes a loss of dorsal fates and
an expansion of ventral fates (Figs. 1 and 3). Our results
Fig. 7. BMP/TGFh coordinates neural tube patterning with WNT-mediated
proliferation. BMPs/TGFhs regulate the expression of D/V patterning
genes, as well as WNT signaling components, and WNTs function as
mitogenic signals regulating neural tube growth. Note that BMPs diffe-
rentially regulate Wnt components, positively regulating dorsal and
negatively regulating ventral Wnt components.
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results, suggesting Smad4 siRNA targets TGFh signal
transduction exclusively. Furthermore, our results support a
model in which WNTs function as mitogens, controlling
growth in the spinal cord by maintaining and expanding
the neural precursor domains. Future studies in the spinal
neural tube are needed to address at the promoter level
whether BMP and WNT pathways can converge at the
level of Smad4 and Lef1 to regulate gene expression.
Our results are inconsistent with recent studies that
implicate WNT signaling in patterning the neural tube. The
analysis of the Wnt1/Wnt3a double knockout by Muroyama
et al. (2002) led to the conclusion that Wnt1 and Wnt3a
serve a redundant function in the specification of dI1 and
dI3 interneurons. In the absence of this function, Lim1/2-
positive and Pax2-positive cells (presumably dI4 interneur-
ons) are expanded. Using in vitro explants, they found that
WNT3a, even in the presence of Noggin, could activate the
expression of dI1 and dI3 interneuron markers (Muroyama
et al., 2002). In vivo, we found that Wnt3a fails to rescue the
loss of the cATH1 progenitor domain or dI1 interneurons in
Noggin-electroporated embryos. In addition, we show
reduction of all dorsal cell types, including dI4 (Pax2)
when WNT signaling is blocked with dnFz8. This evidence
leads us to conclude that BMPs specify dorsal cell fates
while WNTs function primarily as mitogenic signals in the
neural tube. We believe the in vivo Wnt1/Wnt3a loss of
function results can also be viewed in terms of altered
proliferation. For example, dI1 and dI3, and their progenitor
domains, may have been reduced by the lack of Wnt1/
Wnt3a selective proliferation. Moreover, the absence of
Wnt1 and Wnt3a may have allowed the expansion of Pax2
or its progenitor domain in response to an unidentified
mitogenic signal specific to this population. The incon-
sistency between the explant results and our in ovo EP
results could reflect differences between naRve tissue in
isolation vs. the intact embryo influenced by its normal
environment of signals from neural and non-neural tissues.
BMP coordinates neural tube patterning with
WNT-mediated proliferation
Our studies lead to an integrated model for neural
patterning and growth (Fig. 7). BMP/TGFhs regulate the
expression of D/V patterning genes, as well as WNT
signaling components, and WNTs function as mitogenic
signals regulating neural tube growth. As such, BMP/
TGFhs are the key signals in the coordination of patterning
and growth in the dorsal neural tube. Loss of BMP/TGFh
function alters D/V pattern, eliminates Wnt1 and Wnt3a,
and reduces proliferation because of reduced WNT activity.
Our results utilizing activated BMPR show expanded
domains of midline Wnt1 and Wnt3a expression. This
coupled with the mitogenic activity of WNTs suggest that
the increased proliferation in the activated BMPR-Ia trans-
genic mouse is likely a direct consequence of the robustexpansion of Wnt1 (Panchision et al., 2001). On the ventral
side of the neural tube, SHH may serve an analogous role in
the coordination of patterning and growth. Indeed, Pax6,
known to be under SHH control in the spinal cord, is
required for expression of sFRP2 and Wnt7b (Kim et al.,
2001). BMPs may similarly control dorsal Wnt expression
boundaries through Pax7 activation and Pax6 repression
(Timmer et al., 2002). The intersection of the BMP/TGFh
and WNT signaling pathways appears to coordinate not only
the specification of cell fate, but also the maintenance of
proper growth, as well as appropriate cell cycle exit to
ensure the correct organization of the spinal cord.Acknowledgments
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